SUMMARY
Previous information about exercise physiology in children has generally been limited to the measurement of physical working capacity, heart rate and ventilation (Astrand, 1952 ; Bengtsson, 1956; Adams, Linde & Miyake, 1961) . Gadhoke & Jones (1969) succeeded in studying forty normal boys aged 11-14 by using some of the techniques outlined above. To interpret the results of studies in children with heart or lung disease a much wider range of normal values was needed and we therefore decided to study children of both sexes aged from 6 to 16 years.
SUBJECTS A N D M E T H O D S
Studies were made on fifty-seven boys and sixty girls evenly distributed in age, height and weight (Table 1 ). All children were volunteers from local schools and fully informed consent was obtained in writing from their parents. The children were examined clinically on the day of the test and signs of heart, lung or neuromuscular disease were not detected. The studies were performed during the morning and afternoon after light meals and at least 1 h was left between tests in any one subject.
Two types of exercise test were performed by each child on a cycle ergometer (Lode) in the sitting position.
Simple progressive exercise
In this test the work load on the ergometer was increased every minute and the electrocardiograph and inspired ventilation were recorded continuously on a chart recorder (Mingograf 81). Ventilation was measured by using a valve box of low resistance and dead space (53 ml for older children, 30 ml for the younger), with a gas meter (Parkinson-Cowan C.D.4) placed in the inspiratory line. The increments of work depended on the size of the child; 10 W for children less than 120 cm in height, 15 W for children from 120 to 150 cm, and 20 W for children over 150 cm. The child was encouraged to persevere until exhaustion. By using increments of work related to size meant that most children exercised progressively harder for about 6-8 min. The highest work load completed (W,,,,,,) was noted and the heart rate and ventilation for every load were calculated.
Steady-state exercise
After a complete rest of at least 60 min a test was performed in which each child was studied at rest and then at one-third and two-thirds of the previously determined W,,,,,, under steady conditions. The work loads were performed without any rest between them. Expired gas was flushed through a large Tissot spirometer and analysed continuously for 0, and CO,. After 2 or 3 min of exercise, when the heart rate, ventilation and expired gas concentrations were seen to be steady from the continuous record (i.e. varying by less than 5 7 3 , a collection of expired gas was made over at least 1 min in the spirometer and was immediately analysed. A sample of arterialized ear-lobe blood was obtained by the method of Godfrey et al. (1971) either during the collection or immediately afterwards in the more timid children. This was only used to obtain values for the normal physiological dead space (see below). The oxygenated mixed venous Pco, ( P k o , ) was measured by a rebreathing method (Jones et al., 1967) in which the subject was given an appropriate volume and concentration of CO, in 0, to rebreathe for 12-15 s. The end-tidal Pco, was recorded continouusly to identify the plateau representing equilibration between mixed venous Pco,, alveolar Pco, and rebreathing bag Pco,. If a perfect plateau (i.e. one which appeared within 3 or 4 s and broke with recirculation at 10 s) was not obtained, the extrapolation procedure described by Denison, Edwards, Jones & Pope (1969) was used. No correction was applied for the difference between the plateau Pco, and that in blood arriving at the lungs or leaving them during the equilibrium described by Jones et al. (1967) and Jones, Campbell, Edwards & Wilkoff (1969) .
Analyses and calculations
Expired 0, was measured with a paramagnetic analyser (Servomex OA150) modified to give a full-scale deflection on the recorder over an appropriately restricted range. Expired and end-tidal CO, was measured with an i.r. analyser (URAS-4) which also wrote on the recorder. The analysers were calibrated with four gas mixtures spanning the operative range after every two or three studies. Ear-lobe blood was analysed immediately for blood gases by using Eschweiler microelectrodes calibrated with gases and buffers for every sample. Ear-lobe blood lactate was determined by the method of Gerken (1960) . All calibrating gases were analysed chemically with a Lloyd-Haldane apparatus. All ventilations are expressed at B.T.P.S. and all 0, consumptions at S.T.P.D.
The results were calculated with the help of a digital computer program (Godfrey, 1970a) .
In the present study cardiac output was calculated by using the arterial Pco, implied by assuming that the subject had a normal physiological dead space. The values for the dead space in normal children were determined during the study and agreed closely with those based on weight (Radford, 1954) . The use of an assumed normal dead space to calculate arterial Pco, and subsequently cardiac output has been discussed by Godfrey & Davies (1970).
Preliminary analysis suggested that height was the most useful index of body size for almost all comparisons and the data have therefore been presented in relation to sex and height unless otherwise stated. Since the Indirect (CO,) Fick method for cardiac output is unreliable at rest (Godfrey & Davies, 1970) regressions were based on work only. Some data on rest are included as stated in the text.
RESULTS
The individual results for body size and the highest work levels completed in the progressive exercise test are presented in Clinical Science Table 4012 , which has been deposited with the Librarian of the Royal Society of Medicine, London, W. 1. The individual results for steadystate exercise tests have been deposited as Clinical Science Table 4013 .
Simple progressive exercise
The highest work load completed by the child (Wmax,) was found to depend significantly on size and sex, boys achieving higher loads than girls of similar height (Fig. 1, Table 2 ). The same applied to the highest ventilation achieved. The highest heart rate achieved was 1961 13 (SD) beats/min in girls and 1 9 5 1 1 3 (SD) beats/min in boys and was independent of height. At all submaximal work levels the heart rate was significantly related to work load, height and sex, with girls having higher heart rates than boys. Smaller children had higher heart rates at any work level than larger children and their increase in heart rate for unit increase in work was also greater. This meant that multiple linear regression could not adequately express the results. Grouping the children by height and performing a simple linear regression for each group improved the analysis, but the height range of the groups had to be large to get a sufficient number of points. A practical compromise was obtained by performing the multiple regression of pulse on logarithm of work and height (Table 2 ) which adequately expressed the results. Y, dependent variable; XI and X,, independent variables; B1 and B,, regression coefficients of X I and Xz respectively; M, constant term; SE Y, standard error of estimate of Y, r, (multiple) correlation coefficient; n, degrees of freedom. The equations are of the form:
Where no value is given for B or X, the equation was only significant for the remaining parameter shown. Otherwise all equations are significant for both Xi and X , at least at the 5% level.
Thesymbols for Y and Xare those given in the text. Other abbreviations and units are as follows:
height (cm), weight (kg), work ( W ) , Vo, (ml/min), VE (l/min), VT (ml), VD (ml), 0 (l/min), SV (ml), pulse (beats/min), Pvco, (mmHg). The range of independent variables covered by the regressions were: height 113-182 cm, weight 18-77 kg, work 50-260 W, 30, 320-2420 ml/min.
Ventilation at submaximal work levels ( PE) was highly significantly related to work load and independent of sex ( Table 2) . Although it was also related to height, the variation over the range of normal children studied was less than twice the SE of the estimate.
Steady-state exercise
in the figures and all the regression equations are given in Table 2 .
All steady-state results refer to submaximal work. The most important results are illustrated Oxygen consumption ( VOJ. This was significantly related to physical work with no significant sex or size difference over the operative range, although it tended to be lower in smaller girls. A regression was calculated for all other measurements on vo2 except as described. Ventilation (PE). This was significantly related to Po2 in all groups with no size difference in boys over the operative range. There was a small but significant size effect in girls (Fig. 2) .
Tidal volume ( VT). This was significantly related to Vo2 and to size, being larger at any given Vo2 value in taller children. There was no significant sex difference. It was found in this instance that multiple linear regression expressed the results best. The results are illustrated in Fig. 3 . There was no consistent relationship between VT and VE.
